We present initial results of a position-sensitive photodiode/BGO detector for high resolution, multi-layer positron emission tomography (PET). Position sensitivity is achieved by dividing the 3 mm x 20 mm rectangular photosensitive area along the diagonal to form two triangular segments. Each segment was individually connected to a low-noise charge amplifier. The photodiodes and crystals were cooled to -100 °C to reduce dark current and increase the BGO signal. . With an amplifier peaking time of 17 flsec, the sum of the signals (511 keV photopeak) was 3200 electrons with a full width at half maximum (fwhm) of 750 electrons. The ratio of one signal to the sum determined the depth of interaction with a resolution of 11 mm fwhm.
Introduction
This paper describes a new position sensitive photodiode and its ability to measure the depth of interaction of 511 ke V annihilation photons in narrow BGO crystals. It includes considerations of light collection, diode design, and contributions to electronic noise. It also shows the design for a multi-layer high resolution positron tomograph using this detector element.
In previous work we showed that if two 3 mm wide BGO crystals are coupled to the same phototube, then individually coupled, cooled, low-noise silicon photodiodes can determine the crystal of interaction with high reliability [I] . While Hgl2 [2] - [5] and silicon avalanche diodes [6] have advantages as photodetectors in this application, they are not yet commercially available at a reasonable cost.
In contrast, most positron tomographs use small BGO or BaF2 crystals, and couple each crystal to several larger phototubes using a variety of coding schemes that permit the relative phototube pulse height to be used to determine the crystal of interaction [7) - [15] . While these designs minimize the number of phototubes and provide multi-layer PET, the low light output of BGO and BaF2 results in statistical fluctuations in the position measurements, which appears to limit the in-plane spatial resolution to about 4 . . 5 mm fwhm. Individual crystal/phototube readout overcomes this limitation, as demonstrated by the small animal system built in Chiba, Japan [16] , and the Donner 600-crystal tomograph [17] . We propose the use of individually coupled photodiodes to preserve this spatial resolution while reducing the number of phototubes A serious problem remaining, especially for the highest resolution positron tomographs, is the radial blurring resulting from crystal penetration for sources away from the axis of the system. As an example of the effect of penetration, at the center of the field the Donner 600-crystal tomograph has a circular point spread function with 2.6 mm fwhm, but at 8 em from the center the point spread function is elliptical with 2.7 mm x 4.2 mm fwhm [17] . Solutions to this problem involve mathematical restoration of the tomograph data [ 18] or measuring the depth of interaction in the detector. Two Nai(Tl)-based tomographs use the high light output of this scintillator to measure the width of the light distribution and infer the depth of interaction [19] , [20] . Other designs use staggered layers of BGO, GSO and BaF2 coupled to phototubes [21] , or layers of tilted BGO and GSO scintillators coupled to silicon avalanche photodiodes [6] . In these, the observed decay time is used to determine the crystal of interaction. Other approaches use a three dimensional array of many small plastic scintillators coupled to phototubes by many long lightpipes [22] , or positionsensitive mesh-dynode phototubes coupled to a bundle of long, thin BGO crystals [23] . We propose to solve the radial blurring problem by measuring the depth of interaction with the same position sensitive photodiode that performs the crystal identification.
Crystai/Photodiode Detector Module
The detectors used in this work consisted of a 3 mm x 10 mm x 25 mm deep BGO crystal, with a specially fabricated position-sensitive silicon photodiode coupled to a 3 mm x 25 mm crystal face. (The crystals were manufactured by Harshaw Chemical Co., Solon, Ohio, and the photodiodes were manufactured by Micron Semiconductor, Ltd., England.) The photodiodes were divided into two triangular segments ( Fig. 1) and each segment was connected. to separate charge amplifiers and filter circuits, with outputs A and B. The sum A+B represents the energy deposited in the crystal and the ratio A/(A+B) is a measure of the center of intensity of the photons along the length of the photodiode. 
Light Collection
When a 511 ke V annihilation photon interacts in the BGO crystal, scintillation photons are emitted isotropically along the short ( < 1 mm) track of the recoil electron. Some of these photons are reflected by the interior crystal surfaces or scatter on the external reflector before entering the photodiode and contribute to a spatially diffuse component. Other photons take a more direct path and enter the photodiode after travelling a short distance. This direct component is spread ·in the 3 mm dimension but retains some localization along the 25 mm direction. In section 3 we estimate the fraction of photons in each component.
Charge Amplifiers
Each photodiode was provided with two charge amplifiers. The first stage of the charge amplifier ( Fig. 2) , implemented with surface mount components, was mounted 6 mm from the photodiode, and was at the same temperature as the BGO crystal and photodiode. The cascode amplifier and filter stage was on a printed circuit board about 25 em away, and at room temperature. When the entire charge amplifier is at room temperature, the amplifier noise (fwhm electrons) for pure capacitive loads is given by Nfwhm = 365 + 5.7C
where C is the capacitance in pF. The addition of a series resistor greatly increases the noise. For example, a 10 kQ series resistance (typical for a 3 x 20 mm p-layer) doubles the noise of a 30 pF load. It is therefore important that the photodiode have low series resistance.
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Photodiode Properties
The capacitance of the photodiode and the associated amplifier noise is decreased with increasing reverse bias, until it reaches an asymptotic level [24] . However, this reverse bias introduces dark current and an associated shot noise, which are reduced by cooling. Table I lists the dark current and expected shot noise for several temperatures between' +20°C and -60°C. The shot noise (in electrons fwhm) was estimated from reference [25] for RC-CR pulse shaping:
( 1) where T is the amplifier peaking time in nsec, and Ict is the dark current in nA. Measurements on initial photodiode samples showed electronic noise· that was significantly above that of a capacitor of equivalent value. This was attributed to series resistance in the optically transparent p-layerand was eliminated in the diodes used in this work by the addition of a grid of fine aluminum strips incorporated into the p-layer. Table II lists the capacitance and electronic noise level for diodes of three thicknesses equipped with aluminum grids at a 50 V reverse bias and -100 °C. The noise level of 900 electrons fwhm at a thickness of 307 J.tm is unusually high and is attributed to a problem in fabrication. While the 596 J!m diode has the lowest capacitance, it may not be fully depleted and its noise may be higher due to series resistance in the n-type layer. Early tests also showed that wire bonds connecting the 1 photodiode p-layer and n-layer contacts to the solder pads on the ceramic base were not able to withstand repeated temperature cycling between room temperature and -100°C. The breakage occurred at the solder pads and was eliminated by bonding the wire to small solid gold pins that had been pressed into holes into the ceramic.
Results

Set-Up
A beam of 511 ke V annihilation photons was defined by a 3 mm wide BGO crystals mounted on a phototube and a positron source as shown in Fig. 3 . A second 3 mm wide BGO crystal was coupled to a phototube and a positionsensitive photodiode. A metal screen at ground potential was placed between the phototube and the latter crystal to shield the photodiode and charge amplifiers from electronic pulses within the phototube. The charge amplifier sum A+B and the ratio A/(A+B) was recorded for each phototubephototube coincidence as the positron annihilation beam was swept along the length of the crystal and photodiode. 
Pulse height
Position sensitivity
When the annihilation photon beam was swept along the length of the BGO crystal and photodiode, the amplifier sum A+B showed little variation from x = 0 mm (the front of the (2)
The weak dependence of 11 on x near x = 0 mm is expected due to total internal reflection at the end surface of the crystal. The smaller slope beyond 17.5 mm is due to the limited length of the photodiode and the loss of the direct component. At x = 25 mm, both A and B are due to diffuse components only, and we expect A/(A+B) = 0.50, as observed.
We derive an expression for the ideal relationship between A/(A+B) and the position x, assuming that the photodiode covers the entire length L of the crystal and a certain position independent fraction f of the detected light is diffuse and the remaining fraction dis direct. We have:
· Relating the measured intercept of equation (2) We conclude that about 54% of the light detected by the photodiode is diffuse and 46% is direct.
In a separate experiment, the diffuse white external reflector on the BGO crystal was replaced with an aluminized mylar specular reflector in an attempt to increase the fraction of direct light. This treatment did not help, and the measured values of A/(A+B) vs position were nearly identical in both cases.
The error bars shown in the lower curve of 
Future Developments
We are continuing the development of improved positionsensitive photodiodes, with the goal of measuring the depth of interaction with a resolution < 5 mm fwhm, using peaking times < 5 J.lsec. In addition to the photodiode described in this paper, we are also interested in the Gatti/Rehak silicon drift photodiode, which has very low noise due to its low capacitance (< 1 pF), and the ability to sense position by measuring the drift time of the charge carriers [26] , [27] .
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Our goal is the development of a multi-slice positron tomograph with over 10,000 crystals and a 2 mm in-plane spatial resolution over the entire imaging field. For this application, we propose a detector consisting of three or more optically isolated BGO crystals attached to a single 10 mm square photomultiplier tube, which provides a fast timing pulse for the group (Fig. 7) . Each crystal is also individually coupled to a position-sensitive photodiode that identifies the crystal that stopped the annihilation photon and determines the depth of interaction. We are developing lowcost surface-mount charge amplifiers that can be used to read out thousands of cooled position-sensitive photodiodes. 
Conclusions
1.
The EGO/silicon photodiode detector provides a signal of 3200 electrons with a fwhm of 750 electrons and an amplifier noise of 650 electrons fwhm. This permits crystal identification with high reliability.
2.
The position-sensitive silicon photodiode can measure the depth of interaction with an accuracy of about 11 mm fwhm.
3.
About 46% of the photodiode signal is due to the direct photon component that provides the depth information. The remaining 54% is due to the diffuse component.
4.
The best signal to noise is not necessarily achieved with the thickest photodiode. Very thick diodes may have series resistance due to the incomplete depletion.
5.
Reduction of noise due to series resistance requires a grid of conductive aluminum on the P-layer.
6.
Temperature cycling can cause separation of the wire bond from the ceramic substrate. This problem is solved by bonding to gold pins pressed into holes in the ceramic.
